INTRODUCTION {#SEC1}
============

Covalent interstrand cross-links (ICLs) can be induced in DNA by chemotherapeutic drugs such as mechlorethamine and endogenous chemicals like 4-hydroxynonenal ([@B1]--[@B6]). ICLs prevent strand separation of the DNA double helix and, as a result, are strong impediments to replication and transcription ([@B3],[@B7]). When an ICL is encountered during DNA replication, complex repair processes are initiated that lead to unhooking of the cross-link by structure-specific endonucleases such as XPF-ERCC1, MUS81-EME1 and SLX1-SLX3 (Figure [1](#F1){ref-type="fig"}) ([@B8],[@B9]). The unhooked lesion may be bypassed by translesion synthesis (TLS) polymerases ([@B9]--[@B11]), which are frequently error-prone and may introduce mutations into the genetic code.

![Model for replication-dependent repair of a dG--AP interstrand cross-link lesion. (**A**) Cross-link stalls replication. (**B**) Structure-specific endonucleases unhook the cross-link. (**C**) TLS and extension past the dG--AP adduct remnant (bottom duplex). Homologous recombination repairs the double-strand break (top duplex), and the NER machinery may remove cross-link remnant from the bottom duplex.](gkx266fig1){#F1}

An interesting new class of ICLs are formed in duplex DNA from the reaction of an apurinic/apyrimidinic (AP) site, also known as abasic site, with nucleobases on the opposing strand ([@B12]--[@B16]). AP sites, which arise from the loss of a nucleobase due to spontaneous or enzyme-catalyzed hydrolysis of the *N*-glycosidic bond, are a very common form of endogenous DNA damage ([@B17]). Equilibrium amounts of the AP aldehyde generate imine-derived ICLs via reactions with exocyclic amino groups of adenine or guanine residues in the complementary strand ([@B12]--[@B16]). Although formally reversible, these ICLs are chemically stable in duplex DNA ([@B13],[@B15]), as manifested by the observations that the dA--AP ICL blocks DNA replication by the ϕ29 polymerase, which possesses strong helicase-like activity ([@B18]), and by the DNA replication machinery in *Xenopus* egg extracts ([@B19]).

ICLs can also form between the *N*^2^-amino group of 2΄-deoxyguanosine and an AP aldehyde situated on the 3΄ side of a cytosine residue (Figure [2](#F2){ref-type="fig"}) ([@B12]--[@B14]). The dG--AP ICL can be reduced by NaCNBH~3~ to yield a cross-link (dG--AP~red~) that is chemically stable under physiological conditions (Figure [2](#F2){ref-type="fig"}) ([@B14]). Along these lines, it is interesting to note that adducts derived from the reaction of low-molecular weight aldehydes with the *N*^2^-position of dG are subject to similar intracellular reduction, presumably involving agents such as ascorbic acid, NAD(P)H, and glutathione ([@B20]).

![Formation and structure of the dG--AP~red~ cross-link.](gkx266fig2){#F2}

The ubiquitous occurrence of AP sites in genomic DNA suggests that AP-derived cross-links could be significant in biology, toxicology, and medicine. As a result, it is important to understand how these lesions are processed in human cells, in particular, how these type of cross-link lesions modulate the efficiency and accuracy of DNA replication and how they are repaired. In this study, we constructed a double-stranded plasmid containing a dG--AP~red~ cross-link at a specific site, and assessed the degrees to which the dG--AP~red~ cross-link impedes DNA replication and induces mutations in cultured human cells. We also characterized the roles of TLS polymerases in the replicative bypass of the lesion.

EXPERIMENTAL {#SEC2}
============

Materials {#SEC2-1}
---------

Unmodified oligodeoxyribonucleotides (ODNs) were purchased from Integrated DNA Technologies (Coralville, IA). \[γ-^32^P\]ATP was obtained from Perkin Elmer Life Sciences, enzymes were from New England Biolabs (NEB), and chemicals unless otherwise noted were from Sigma-Aldrich. The pSVRLuc plasmid backbone was kindly provided by Professor Orlando Schärer ([@B21]). HEK293T cells depleted of Pol η, Pol ι, Pol κ or Pol ζ were obtained by the CRISPR--Cas9 genome editing method, as described previously ([@B22]).

Preparation of cross-linked DNA inserts {#SEC2-2}
---------------------------------------

DNA duplexes containing an AP site at defined locations were prepared using standard procedures (Figure [3A](#F3){ref-type="fig"}) ([@B23]). AP sites were generated by incubation of the annealed Duplex **C** (10 nmol) with uracil DNA glycosylase (UDG, 10 μl, 400 units/ml) in a mixture comprised of UDG buffer (30 μl) and H~2~O (96 μl) at 37°C for 2 h, followed by extraction with phenol:chloroform:isoamyl alcohol (25:24:1; pH 8) and precipitation with ethanol. The cross-linking reaction was conducted at 37°C for 12 h in a buffer containing sodium acetate (750 mM, pH 5.2) and 200 mM NaCNBH~3~. The cross-linked duplex was purified on a 20% denaturing polyacrylamide gel. The structure of the cross-link was confirmed by nuclease P1 digestion followed by LC-MS/MS analysis of the resulting cross-link-bearing tetranucleotide ([Supplementary Figure S1](#sup1){ref-type="supplementary-material"}) ([@B13]).

![Construction of the dG--AP~red~-containing plasmid for cellular replication studies. (**A**) Duplexes used for constructing the plasmids for the replication study. Duplexes A, B and C are the inserts used for construction of the competitor, control, and dG--AP~red~ cross-link-bearing plasmids, respectively. 'X' represents uracil in the initial duplex and is converted to an abasic site prior to the cross-linking reaction. (**B**) Workflow for the preparation of the lesion-bearing plasmid.](gkx266fig3){#F3}

Construction of pSVRLuc genomes harboring a site-specifically inserted dG--AP~red~ (Figure [3b](#F3){ref-type="fig"}) {#SEC2-3}
---------------------------------------------------------------------------------------------------------------------

Plasmid DNA (100 μg) was mixed with 20 μl 10 × NEB buffer 2, 60 units BbsI (20 000 U/ml), and water to give a 200-μl solution. After incubation at 37°C for 8 h, another aliquot of BbsI (60 units) was added and the mixture was incubated at 37°C overnight. Complete BbsI cleavage was confirmed by BamHI and EarI digestion, followed by PAGE analysis ([Supplementary Figure S2](#sup1){ref-type="supplementary-material"}) ([@B21]). The mixture was extracted with an equal volume of phenol--chloroform--isoamyl alcohol (25:24:1, v/v/v) to remove the BbsI. The aqueous phase was resolved on a 0.5% low-melt agarose gel containing 0.1% ethidium bromide. The band corresponding to the linearized plasmid was cut from the gel and the plasmid recovered using QIAquick gel extraction kit (Qiagen). Ligations were conducted using 1 nM linearized plasmid, 1.5 molar equivalents of control or cross-linked DNA inserts, 1 ml 10 × T4--DNA ligase buffer, 10 μl (4000 units) T4--DNA ligase and water added to give a total reaction volume of 10 ml. The ligation mixture was incubated at 16°C overnight, followed by lyophilization and resuspension in 200 μl water, and then desalted using a G-25 Sephadex column. The desalted solution was again resolved on a 0.5% low-melt agarose gel containing 0.1% ethidium bromide, and the supercoiled plasmid recovered from the gel using QIAquick gel extraction kit. A representative gel including marker lanes is shown in [Supplementary Figure S3](#sup1){ref-type="supplementary-material"}. The dG--AP~red~ cross-link-containing and control plasmids contained a C:C mismatch to allow for independent analyses of replication products from the cross-linked-AP- and dG-containing strands, whereas no mismatch was incorporated into the competitor plasmid.

To confirm the successful incorporation of the dG--AP~red~-containing duplex DNA into the plasmid, the cross-linked plasmid (200 ng) was digested with BbsI (5 units) and shrimp alkaline phosphatase (1 unit) at 37°C for 1 h, heat inactivated at 80°C for 20 min, and phosphorylated with 5 units of T4 polynucleotide kinase (PNK) and 1.25 μCi (0.5 pmol) of \[γ-^32^P\]ATP for 30 min. The T4 PNK was heat inactivated at 80°C for 20 min and finally digested with 20 units of EcoRI-HF. The reaction mixtures were diluted with 30 μl of formamide gel loading buffer. Approximately 5 μl of the mixture was loaded onto a 30% polyacrylamide gel (acrylamide:bis-acrylamide 19:1) and products monitored by phosphorimager analysis ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}). The newly constructed lesion-containing double-stranded vectors were then normalized against the lesion-free competitor vector following published procedures ([@B24]).

Cell culture, transfection and cellular DNA replication {#SEC2-4}
-------------------------------------------------------

Replication of the newly constructed genomes was performed using a competitive replication and adduct bypass (CRAB) assay (Figure [4](#F4){ref-type="fig"}) ([@B24],[@B25]). The lesion-bearing and the corresponding non-lesion control plasmids were premixed individually with the competitor genome and transfected into HEK293T cells and the isogenic polymerase-deficient cells. The molar ratios of the competitor to control and lesion-bearing genome were 1:1 and 1:30, respectively. The cells (1 × 10^5^) were seeded in 24-well plates and cultured overnight at 37°C in a 5% CO~2~ atmosphere, after which they were transfected with 500 ng carrier plasmid and 32 ng of the mixed genomes by using Lipofectamine 2000 (Invitrogen) following the manufacturer\'s recommended procedures. The cells were harvested at 24 h after transfection, and the progenies of the plasmid were isolated using the Qiagen Spin Kit (Qiagen), following previously described procedures with minor modifications ([@B24],[@B26]). The residual unreplicated plasmid was further removed by DpnI digestion, followed by digesting the resulting linear DNA with exonuclease III as described elsewhere ([@B24]).

![The competitive replication and adduct bypass (CRAB) assay for examining how a dG--AP~red~ crosslink perturbs the efficiency and fidelity of DNA replication in human cells. Shown in (**A**) is a schematic diagram for the assay workflow. Displayed in (**B**) is the results from native PAGE analysis of restriction fragments of replication products from HEK293T cells (WT) and the isogenic polymerase-deficient cells. The bottom strand was radio-labeled. Lane 1, competitor standard 5΄-AAT TCT CTA TTA GTG-3΄; lanes 2--5, standards of 5΄-AAT TCT CTA QTG-3΄, with 'Q' being G, A, T and C, respectively; lanes 6--9, standards of 5΄-AAT TCT GTN GTG-3΄, with 'N' being G, A, T and C, respectively; lanes 10, 12, 14, 16 and 18 correspond to replication products of control and competitor plasmids in parental HEK293T cells (WT), *POLH^−/−^, POLI^−/−^, POLK^−/−^* and *POLZ^−/−^* cells, respectively; lane 11, 13, 15, 17 and 19 correspond to replication products of the dG--AP~red~ and competitor plasmids in parental HEK293T cells (WT), *POLH^−/−^, POLI^−/−^, POLK^−/−^* and *POLZ^−/−^* cells, respectively.](gkx266fig4){#F4}

PCR, PAGE and LC--MS/MS analyses {#SEC2-5}
--------------------------------

The progeny genomes arising from cellular replication were amplified using a nested PCR protocol with a pair of primers whose products covered the initial lesion site and included nine DpnI recognition sites. The primers were 5΄-GAT ATC GCC CTG ATC AAG AGC GAA-3΄ and 5΄-CGA GGA AGC GGA TCC AGA CAT GAT-3΄, and the PCR amplification started at 98°C for 2 min; then, 35 cycles at 98°C for 30 s, 63°C for 30 s, and 72°C for 30 s; and a final 5-min extension at 72°C. The PCR products were purified using an E.Z.N.A. Cycle Pure Kit (Omega Bio-tek) and a nested PCR step was performed with primers 5΄-GGT GGC TAT AAA GAG GTC ATC AGT-3΄ and 5΄-CGG CCT CGG CCT CTG CAT AAA TAA-3΄. The PCR products were again purified using an E.Z.N.A. Cycle Pure Kit and stored at −20°C until use.

For PAGE analysis, 200 ng of the PCR fragments were treated with 20 units of EcoRI-HF and 1 unit of shrimp alkaline phosphatase at 37°C in 2 μl of NEB CutSmart buffer for 1 h, followed by heating at 80°C for 20 min to deactivate the shrimp alkaline phosphatase. To the above mixture were then added 1.25 μCi (0.5 pmol) of \[γ-^32^P\]ATP and 5 units of T4 PNK. The reaction was continued at 37°C for 1 h, followed by heating at 85°C for 20 min to deactivate the T4 PNK. To the reaction mixture was added 20 units of NheI-HF, and the solution was incubated at 37°C for 1 h, followed by quenching with 30 μl of formamide gel loading buffer. The resulting restriction digestion yielded a 15mer radiolabeled fragment for the competitor genome, i.e. 5΄- p\*AAT TCT CTA TTA GTG-3΄, and 12mer fragments for the dG--AP-cross-link-bearing genome, i.e. 5΄-p\*AAT TCT GTN GTG-3΄ and 5΄-p\*AAT TCT CTA QTG-3΄ for the cross-linked AP and dG-bearing strands, respectively, where 'N' and 'Q' designate A, T, C or G, and 'p\*' indicates the radiolabeled phosphate (Figure [4](#F4){ref-type="fig"}). The mixture was again resolved using 30% polyacrylamide gel (acrylamide:bis-acrylamide 19:1) and products quantified by phosphorimager analysis. The extent to which the dG--AP~red~ impedes DNA replication was characterized by bypass efficiency (%), calculated from the ratio of (lesion signal/competitor signal)/(non-lesion control signal/competitor signal) ([@B24]).

LC-MS/MS was used to identify and quantify the products arising from replication of dG--AP~red~ cross-link-bearing plasmid ([Supplementary Figures S5--S17](#sup1){ref-type="supplementary-material"}) ([@B27],[@B28]). Briefly, 5 μg of PCR products were treated with 40 units of EcoRI-HF in 10 μl of NEB CutSmart buffer at 37°C for 1 h. To the resulting solution was added 40 units of NheI-HF, and the reaction mixture was incubated at 37°C for 1 h, followed by addition of 2 units of shrimp alkaline phosphatase and incubation at 37°C for 1 h. The mixture was extracted with phenol/chloroform/isoamyl alcohol (25:24:1, v/v/v). The aqueous portion was dried with Speed-Vac and ethanol precipitated. The ODN mixture was subjected to LC--MS/MS analysis, as described elsewhere ([@B27],[@B28]). An LTQ linear ion-trap mass spectrometer (Thermo Electron) was set up for monitoring the fragmentation of the \[M-3H\]^3−^ ions of the 12-mer ODNs of the strand initially containing the cross-linked AP site, i.e. 5΄-CTA GCA CMA CAG-3΄ or the 12-mer ODNs initially harboring the cross-linked dG, i.e. 5΄-CTA GCA PTA GAG-3΄, where 'M' and 'P' designate A, T, C or G ([Supplementary Figures S5--S16](#sup1){ref-type="supplementary-material"}). The mutagenic products were quantified by the peak area found in the selected-ion chromatogram (SIC) of each restriction fragment corresponding to the wild-type and mutated products by choosing two unique fragment ions, and finding the peak area ratio of mutant to wild-type product. The peak area ratios were then converted to the corresponding molar ratios by employing calibration curves constructed from the analyses of mixtures of synthetic ODNs in a range of defined molar ratios ([Supplementary Figure S17](#sup1){ref-type="supplementary-material"}).

RESULTS {#SEC3}
=======

Construction of cross-linked and control shuttle vectors {#SEC3-1}
--------------------------------------------------------

We began with construction of a double-stranded plasmid containing a site-specific dG--AP~red~ (Figure [3](#F3){ref-type="fig"}) as well as the corresponding control and competitor plasmids by using a protocol adapted from that reported by Schärer and coworkers ([@B21]). The three duplex inserts employed for plasmid construction are shown in Figure [3A](#F3){ref-type="fig"}, where the cross-linked duplex **C**, harboring the dG--AP~red~ lesion, was prepared from the corresponding AP-containing duplex as described previously ([@B13]). Duplex **B** is a control, damage-free duplex, with the sequence being the same as Duplex **C** except that the AP-site in **C** is replaced with a thymine in **B**. Duplexes **B** and **C** contained a C:C mismatch, which, as noted previously ([@B24]), enabled us to assess independently the replication efficiencies of the two strands. Duplex **A**, which is three base pairs longer than duplex **B** or **C**, was employed for the construction of the competitor plasmid. The competitor plasmid, which is co-transfected with the dG--AP~red~-bearing plasmid or control plasmid in cellular replication experiments, serves as an internal reference for determining the degree to which the dG--AP~red~ ICL impedes DNA replication in cells. The three duplexes contained two different sticky ends that can be ligated into the linearized plasmid following dual cleavages by BbsI. The successfully ligated, supercoiled plasmid was purified from the ligation mixture using agarose gel electrophoresis, and the ligation yields were ∼10% ([Supplementary Figure S3](#sup1){ref-type="supplementary-material"}).

The amounts of the control and lesion-containing genomes were normalized against that of the competitor genome by digestion with BbsI and alkaline phosphatase, followed by radiolabeling the nascent 5΄ termini with T4-PNK and a final cleavage with EcoRI. PAGE analysis of the resulting products showed a 24 mer for the unmodified duplex (which does not contain EcoRI or NheI restriction sites and will therefore not produce a 12 mer band in the final analysis), a 21 mer band for the competitor, a 18 mer band for the control, and a cross-linked 18 mer band for the cross-linked plasmid ([Supplementary Figure S4](#sup1){ref-type="supplementary-material"}).

Effect of the dG--AP~red~ cross-link on the efficiency and fidelity of DNA replication in human cells {#SEC3-2}
-----------------------------------------------------------------------------------------------------

The dG--AP~red~ cross-link-containing and control genomes were mixed individually with the competitor genome and transfected into HEK293T cells. We chose to use the HEK293T cells for the replication experiments because these cells were transformed with SV40 large T antigen, which supports the replication of the SV40 origin-bearing plasmids that are used in the present study. After 24 h, the progeny genomes were extracted, and a 1500 bp region surrounding the cross-link was amplified by nested PCR. The final PCR amplicon (500 bp) was digested with NheI and EcoRI, which yielded a ^32^P-labeled 12 mer fragment for the PCR products of progeny of the lesion-containing vector corresponding to the region where the dG--AP~red~ ICL was initially situated, and a 15 mer for the competitor vector (Figure [4](#F4){ref-type="fig"}). Bypass efficiency, which reflects the extent to which cellular repair systems unhook the ICL and the degree to which the unhooked dG--AP~red~ impedes DNA replication, was determined by comparing the intensities of the 15 mer competitor band with the 12 mer lesion bands (Figure [4](#F4){ref-type="fig"}). Our results showed that, in HEK293T cells, the dG--AP~red~ ICL decreases substantially the replication efficiencies, which were approximately 40% and 20% for the strands harboring the cross-linked dG and AP site, respectively (Figure [5A](#F5){ref-type="fig"}).

![Bypass efficiencies (**A**) and frequencies of base substitutions (**B**) observed at crosslinked AP and dG sites after the dG--AP~red~ interstrand cross-link was replicated in HEK293T cells (WT) and the isogenic cells depleted of Pol η, Pol κ, Pol ι or Pol ζ. The data represent the means and standard deviations of results obtained from three independent transfection experiments.](gkx266fig5){#F5}

Multiple bands were observed in the region of the gel where the 12 mer products migrate (Figure [4](#F4){ref-type="fig"}). This suggested that replication in wild-type HEK293T cells generated progenies with multiple, distinct sequences in the region surrounding the ICL as a result of error-prone lesion bypass. Sequences of the progeny were identified and quantified by LC--MS/MS ([Supplementary Figures S5--S17](#sup1){ref-type="supplementary-material"}). The PCR amplification product was digested with NheI and EcoRI (Figure [4](#F4){ref-type="fig"} and [Supplementary Figure S8](#sup1){ref-type="supplementary-material"}), and the digestion mixture was subjected to LC--MS and MS/MS analyses, where the fragmentations of the \[M−3H\]^3−^ ions of the eight 12 mer products with all four possible canonical nucleotides being incorporated at the initially cross-linked dG or AP sites were monitored. The MS/MS of each product displayed a series of 'w~n~' and 'a~n~---Base' ions as shown in [Supplementary Figures S9--S16](#sup1){ref-type="supplementary-material"}, and the nomenclature for fragment ions follows that described previously ([@B29]). We plotted the selected-ion chromatograms (SICs) by monitoring the formation of two fragment ions from each ODN (e.g. the w~5~ and w~6~^2−^ ions in [Supplementary Figure S9B](#sup1){ref-type="supplementary-material"}). The results showed that replication of the dG--AP~red~ ICL yields progenies primarily bearing a T-residue at the site where the AP side of the cross-link was initially located (AP→T, 74 ± 2%, Figure [5B](#F5){ref-type="fig"}). Smaller, but clearly detectable amounts of AP→C (10--20%), AP→G (4--6%), and AP→A (1--2%) were observed at this site in the progeny (Figure [5B](#F5){ref-type="fig"}). Replication primarily generates progeny genomes that have retained a G-residue at the site of the dG cross-link attachment in the dG--AP~red~ ICL (G→G, 91 ± 2%, Figure [5B](#F5){ref-type="fig"}). Low frequencies of G→A (2--5%), G→T (1--2%) and G→C (1%) mutations were observed at this site. Clearly, replication past the cross-linked AP-site was more mutagenic than that past the cross-linked guanine residue.

The roles of Pol η, Pol κ, Pol ι or Pol ζ in the replication across the dG--AP~red~ cross-link in cells {#SEC3-3}
-------------------------------------------------------------------------------------------------------

As described in the Introduction, TLS mediated by Pol η, Pol κ, Pol ι and/or Pol ζ enables cells to tolerate cross-links in their genome, but this may come at the expense of errors introduced into the genetic code. To explore these issues, the replication of cross-linked DNA in HEK293T cells was compared to that in the isogenic cells depleted of Pol η, Pol κ, Pol ι or Pol ζ, where the polymerase-deficient cells were generated by CRISPR--Cas9 and confirmed by genomic DNA sequencing along with Western blot analysis ([@B22]). After replication, progeny genomes were isolated and analyzed as described above to determine replication bypass efficiency and fidelity.

The deletion of Pol η in HEK293T cells did not exert significant effects on relative bypass efficiencies. In contrast, deletion of any one of the other three TLS polymerases (i.e. Pol κ, Pol ι and Pol ζ) caused substantial decreases in replication efficiency. Similar to what we observed for the wild-type HEK293T cells, the dG strand of the cross-linked vector was replicated more efficiently than the AP strand in *POLH*^−/−^, *POLK*^−/−^ and *POLI*^−/−^ cells, whereas the two strands were replicated at nearly the same efficiencies in *POLZ*^−/-^ cells (Figure [5A](#F5){ref-type="fig"}).

The mutations resulting from replication of the dG--AP~red~ ICL in *POLH^−/−^, POLI^−/−^, POLK^−/−^, POLZ^−/−^* cells are, for the most part, similar to those found in the wild-type cells (Figure [5B](#F5){ref-type="fig"}). Perhaps the most striking difference was in the *POLK^−/−^* and *POLZ^−/−^* cells, where, compared to the parental HEK293T cells, there is a 10--20% increase in the progeny bearing a T-residue at the initial AP site of the dG--AP~red~ vector (Figure [5B](#F5){ref-type="fig"}). This is accompanied by a concomitant decrease in T → C mutation found in the two polymerase-deficient backgrounds.

DISCUSSION {#SEC4}
==========

There are many structurally diverse types of ICLs. Differences in the chemical structures and reactivities of various cross-links may evoke different unhooking and bypass mechanisms; however, the structure--activity relationships governing the fate of ICL processing in cells are not well understood. Given the relevance of ICLs in biology and medicine, it is important to explore how variations in cross-link structure lead to differences in their biological properties.

AP-derived cross-links may be biologically important and also constitute a structurally novel class of ICLs. Most ICLs can be defined as residing in either the major or minor groove of duplex DNA. For example, the prototypical cross-links derived from nitrogen mustards and mitomycin C bridge the two guanine residues on the opposing DNA strands through the major-groove *N*^7^ and the minor-groove *N*^2^ positions, respectively ([@B1],[@B3]). In contrast, the dG--AP~red~ cross-link studied here and the dA--AP cross-link both originate on the backbone of one strand, but terminate on the other strand at the minor-groove *N^2^* position of guanine (Figure [2](#F2){ref-type="fig"}) and the major-groove *N^6^* position of adenine, respectively ([@B13],[@B15]). Three-dimensional structures of the AP-derived ICLs are not yet available; nevertheless, the cross-linkages in these lesions transect the helical axis and, in this regard, are distinct from both minor- and major-groove ICLs.

Here, we developed a shuttle vector method to examine the effects of the dG--AP~red~ cross-link on the efficiency and fidelity of DNA replication in human cells. We found that the ICL significantly decreased DNA replication efficiency in HEK293T cells. Interestingly, the two strands of the cross-linked vector were not replicated at equal efficiencies, where the AP-strand (20%) was replicated at a significantly lower efficiency than the dG strand (40%).

Importantly, our approach enabled us to explore the translesion synthesis step of the dG--AP~red~ ICL repair. A number of mechanisms were previously shown to be involved in the repair of the ICL preceding replication, including: (i) Replication-independent repair ([@B9]), (ii) replication traverse of the ICL involving FANCM ([@B30]), (iii) replication-dependent repair involving the Fanconi anemia pathway and unhooking by structure-specific endonucleases (Figure [1](#F1){ref-type="fig"}) ([@B8],[@B9]), and, (iv) replication-dependent repair involving unhooking by a DNA glycosylase ([@B19]). The glycosylase-dependent pathway seems less likely here because there are no known glycosylase enzymes displaying activity on the glycosidic bond of *N*^2^-alkyl-dG residues like the one found in the dG--AP~red~ cross-link studied here. On the other hand, *Escherichia coli* AlkB was shown to be capable of removing alkyl group from *N*^2^-alkylguanine in DNA *in vitro* ([@B31]), though such activity has yet been demonstrated in cells ([@B32]). It would be interesting to examine whether the human orthologs of AlkB (e.g. ALKHB2 and ALKBH3) are able to unhook the dG--AP~red~ cross-link through an oxidative dealkylation mechanism.

All currently proposed mechanisms for ICL repair include a common step involving TLS past an unhooked cross-link remnant (e.g. Figure [1](#F1){ref-type="fig"}) ([@B10]), and previous biochemical studies showed that translesion synthesis across DNA interstrand cross-link lesions depends highly on their structures. For instance, Ho *et al.* ([@B33]) showed that the TLS efficiency across several major-groove *N*^7^--*N*^7^ guanine interstrand cross-links is affected by the length of the cross-link bridging the two *N*^7^ positions, with the longer and flexible interstrand cross-links being more readily bypassed. In addition, *in-vitro* studies showed that Pol ι misincorporated thymine nucleotide across the psoralen interstrand cross-link and Pol κ extended the mispaired primer termini, indicating that DNA Pol ι and Pol κ may serve as inserter and extender, respectively, in the TLS past the psoralen DNA interstrand cross-links ([@B34]). Moreover, Pol η exhibited a moderate efficiency and a high error rate when bypassing an oxidized AP site-derived interstrand cross-link; however, human Pol κ, Pol ι, Pol ν, REV1, and yeast pol ζ stalled at the position before the cross-linked nucleotide ([@B35]). Pol ζ, in complex with Rev1, was recently found to be responsible for extension after the insertion step of TLS across a cisplatin-induced DNA interstrand cross-link ([@B11]), and cells deficient in Pol ζ are hypersensitive to cross-linking agents ([@B36],[@B37]). Consistent with the critical role of TLS in ICL repair, we found that replication efficiency is dramatically decreased in isogenic cells that are deficient in Pol ι, κ or ζ, whereas no significant alteration in replication efficiency was observed in cells lacking Pol η (Figure [5A](#F5){ref-type="fig"}). The observation that deficiency in any *one* of three polymerases (i.e. Pol ι, κ, or ζ) reduces markedly the replication efficiency suggests that these proteins work together to bypass the cross-link remnant. The mutual involvement of Pols ι and κ in the bypass of the dG--AP~red~ ICL is reminiscent of earlier work showing that both polymerases are essential for the high-fidelity bypass of the minor-groove *N*^2^-(1-carboxyethyl)-2΄-deoxyguanosine lesions in mammalian cells ([@B38]). In light of the previously reported role of the Rev1--Pol ζ complex in the extension step of TLS past the cisplatin-induced ICL ([@B11]), we reason that Pol ζ, perhaps in conjunction with Rev1, may also function in the extension step of TLS across the dG--AP~red~ crosslink. In addition, our observation that the replication efficiency was not significantly altered in the isogenic cells lacking Pol η is consistent with precedents showing that this enzyme does not catalyze the bypass of minor-groove *N*^2^-alkyl-dG lesions ([@B38]). The requirement of multiple TLS polymerases (i.e. Pols ι, κ and ζ) seen in the present work parallels previous studies showing that the replication across oxidatively induced 8,5΄-cyclopurine 2΄-deoxynucleosides in human cells involves Pols η, ι and ζ ([@B24]), and that the bypass of TT cyclobutane pyrimidine dimers in Pol η-deficient human cells requires the cooperation of Pols ι, κ and ζ ([@B39]).

TLS can be error-prone (mutagenic); hence, it is important to assess the fidelity associated with replication across the dG--AP~red~ ICL. We found that replication past the guanine residue in the cross-link in wild-type HEK293T cells was ∼90% error-free, with dCMP being predominantly incorporated opposite the cross-linked nucleobase (Figure [5B](#F5){ref-type="fig"}). The AP residue in the cross-link primarily directs dAMP insertion, giving rise to progenies carrying a T residue (74%) at this location (Figure [5B](#F5){ref-type="fig"}). The dAMP incorporation can be considered as error-free replication if one envisions that the endogenous AP-derived cross-link arises mainly from the misincorporation of a dU across from an adenine residue, followed by the generation of an AP site by the action of uracil DNA glycosylase ([@B40]).

We propose a model to rationalize all the data presented above. First, stalling of a replication fork at the cross-link results in activation of the Fanconi anemia pathway, which promotes the unhooking of the ICL. Although little is known about the factors that dictate the locations of incisions during unhooking, we envision that unhooking of the cross-link by selective incisions on the AP-strand gives rise to an *N*^2^-alkyl-dG cross-link remnant (Figure [1](#F1){ref-type="fig"}), which is subsequently bypassed in a largely error-free manner by the combined action of Pols ι, κ and ζ. Precedents support the involvement of Pol κ in the error-free bypass of *N*^2^-alkyl-dG lesions ([@B28],[@B38],[@B41],[@B42]), an acrolein-derived DNA-peptide cross-link formed on *N*^2^ position of guanine ([@B43]), and a model acrolein-derived *N*^2^-*N*^2^-guanine interstrand cross-link ([@B44]). In addition, Pol ι was found to be essential for the accurate bypass of some *N*^2^-alkyl-dG lesions in mammalian cells ([@B38]). In the cross-linked vector, the G-containing strand is replicated at a higher efficiency (40%) than the AP-containing strand (20%). This perhaps can be rationalized from the suggestion that homologous recombination, which is required for the repair of the AP-strand in this model, fails to engage or succeed in approximately half the cases where TLS processes successfully complete replication of the dG-strand in the cross-linked vector.

In summary, our results showed that the dG--AP~red~ cross-link constitutes a strong block to DNA replication, and the TLS step of the cross-link repair involves three polymerases (i.e. Pol κ, Pol ι and Pol ζ). The shuttle vector technology described here, coupled with genetic manipulation using CRISPR--Cas9, provides a powerful approach for studying the repair and biological consequences of ICL lesions in human cells. It will be interesting to use this methodology to gain detailed insight regarding the repair and replicative bypass of other AP-derived cross-links, as well as other cross-links formed from endogenous processes or cancer chemotherapeutic agents. Detailed understanding of repair mechanisms of drug-derived cross-links, in combination with genotyping of individual cancer patients, may enable personalized therapies that deploy specific cross-linking agents against genetically susceptible cancers. Characterizing the mechanisms by which endogenous cross-links are repaired will help define genetic predispositions to cancer and aging-related illnesses.
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